Obtaining enough membrane protein in native or native-like status is still a challenge in membrane protein structure biology. Maltose binding protein (MBP) has been widely used as a fusion partner in improving membrane protein production. In the present work, a systematic assessment on the application of mature MBP (mMBP) for membrane protein overexpression and purification was performed on 42 membrane proteins, most of which showed no or poor expression level in membrane fraction fused with an Nterminal Histag. It was found that most of the small membrane proteins were overexpressed in the native membrane of Escherichia coli when using mMBP. In addition, the proteolysis of the fusions were performed on the membrane without solubilization with detergents, leading to the development of an efficient protocol to directly purify the target membrane proteins from the membrane fraction through a one-step affinity chromatography. Our results indicated that mMBP is an excellent fusion partner for overexpression, membrane targeting and purification of small membrane proteins. The present expression and purification method may be a good solution for the large scale preparation of small membrane proteins in structural and functional studies.
Introduction
Obtaining enough membrane protein in its native state is still one of the bottlenecks in membrane protein structure biology [1, 2] . Heterologous expression of membrane proteins often results in poor expression or overexpression of misfolded or only partially folded protein, e.g. those in inclusion bodies. The toxic effects of overexpression of membrane proteins and the lack of adequate processing and folding machinery for the overexpressed membrane protein may be responsible for these problems [3, 4] .
Even so, in the last decade much has been learned about the biogenesis of membrane proteins, and therefore rational optimization for membrane protein overexpression is possible [3, 4] . Apart from screening different Escherichia coli strains, different expression vectors and optimization of the expression conditions; expression of the target membrane protein as a fusion protein is a proven way to increase the expression level. Different highly soluble proteins, like glutathione S-transferase, maltose binding protein (MBP), 4 thioredoxin, and green fluorescence protein, have been used as carrier proteins through either N-terminal or C-terminal fusions [5] [6] [7] [8] [9] . Among these, MBP is probably the most frequently used fusion protein for membrane proteins. Many proteins have been successfully overexpressed through fusion with MBP for both structural and functional studies, such as the adenosine A2a receptor, a cannabinoid receptor, a neurotensin receptor, an opioid receptor, a pentameric ligand-gated ion channel and so on [10] [11] [12] [13] [14] . Remarkably, the precursor MBP (i.e. MBP with its signal peptide, pMBP) was used in these studies to target the N-terminus of the membrane protein to be expressed to the periplasmic side. (Therefore, the N-terminus of the target protein is assumed to be in the periplasmic side.) However, there have only been sporadic reports applying the mature MBP (i.e. MBP without its signal peptide, mMBP) as the carrier protein for membrane protein production [6, [15] [16] [17] [18] [19] [20] [21] [22] , as well as production of small transmembrane peptides/domains [23] . Recently, a comprehensive study of the application of mMBP as the carrier protein for the production of 22 small membrane proteins was reported [7] .
In the present work, we further expanded the application of mMBP in membrane protein expression and purification. In total 42 membrane proteins were studied. For these selected target proteins, most of them showed no expression or poor expression in the membrane fraction as N-terminal Histag fusion proteins. It was found that, consistent with our previous report [7] , mMBP dramatically increased the expression level of most small and some medium sized membrane proteins. Remarkably, significant amounts of these fusion proteins were overexpressed in the native membranes of E. coli. In addition, the fusions can be conveniently proteolyzed in the native membrane by tobacco etch virus protease (TEV), which leads to the development of an efficient protocol for one-step purification of these membrane proteins from the membrane fraction after proteolysis. The present method is expected to be very useful for structural and functional studies of membrane proteins, especially for those small and medium size proteins suitable for Nuclear Magnetic Resonance studies [24] [25] [26] .
Material and methods

Construction of expression vectors
The DNA coding E. coli mMBP was inserted into pTBSG, which is derived from pMCGS7 [27] (a generous gift from Dr. Mark I. Donnell from University of Wisconsin), resulting in a vector called pTBMalE according to our previous report [6] . Further modifications on pTBMalE, including substitution of the Histidine residues by Arginine in the N-terminal Histag and insertion of a C-terminal Histag, were made by using QuikChange Ò Kit (Stratagene), resulting in two vectors called pTBMalE-1 and pTBMalE-2, respectively. Scheme 1 shows the details of the vectors used in the present work.
Gene cloning
Target genes, either from the Mycobacterium tuberculosis (Mtb) genome or from plasmids (containing the genes encoding the M2 proton channel, KcsA, potassium channel and Diacylglycerol kinase (DAGK) are from our lab, Christopher Miller's lab at Brandeis University and Charles R. Sanders' lab at Vanderbilt University, respectively) were amplified by PCR with primers for the following steps of Ligation Independent Cloning. Insertion of the target genes into the expression vector was the same as described previously [6] . After DNA sequencing to confirm correct insertion, the plasmid was transformed into BL21(DE3)-RP codon plus (Stratagene) for expression tests.
Protein expression screening
Cells harboring the expression vector were grown on LB agar plates containing 50 lg/mL ampicillin and 34 lg/mL chloramphenicol. A single clone was picked and inoculated into 3 mL LB media for overnight growth. 500 lL of the overnight culture was then inoculated into 10 mL LB media, and the expression was induced with the addition of 0.4 mM IPTG when OD 600 reached 0.6. After induction overnight at room temperature, cells were harvested by centrifugation at 4500g for 15 min at 4°C, resuspended in 1 mL lysis buffer (20 mM Tris-HCl, pH 7.8, 400 mM NaCl) and lysed by sonication (Sonic Dismembrator, Model 100, Fischer Scientific, Inc.) three times (20 s each). The lysate was fractionated by centrifugation for 20 min at 10,000g. The supernatant normally contained soluble proteins and fragmented membranes, while the pellet consisted of insoluble proteins (inclusion body fraction). The supernatant was subjected to ultracentrifugation at 220,000g for 45 min at 8°C to separate the membrane and soluble protein fractions. The soluble, insoluble and membrane fractions were adjusted to the same volume with lysis buffer, and then 15 lL of each was mixed with 5 lL 4Â sample buffer (0.25 M Tris-HCl, pH 6.8, 8%
SDS, 20% b-Mercaptoethanol, 40% Glycerol and 0.04% Bromophenol Blue) and 10 lL was loaded onto 12% Tricine SDS-PAGE gels followed by Coomassie staining.
To check whether the overexpressed fusion proteins in the membrane fraction were inserted or weakly attached to the membrane, the membrane fraction prepared above was resuspended in a basic denaturation solution containing 100 mM Na 2 CO 3 , pH 11.5, 0.5 M NaCl and 5 M Urea by slight sonication. After gentle shaking for 30 min at room temperature, the sample was centrifuged at 220,000g for 45 min at 8°C. This procedure was repeated once. The final pellet after ultracentrifugation was resuspended in lysis buffer and the SDS-PAGE sample was prepared as above.
Fusion protein proteolysis on the membrane
The membrane fraction from 10 ml LB culture was suspended in 1 ml lysis buffer with slight sonication until the solution became clear. TEV with an N-terminal Histag was purified as reported previously [23] and added to 0.25 mg/ml and the proteolysis was performed with gentle shaking for two days at room temperature.
15 lL of the reaction solution was mixed with 5 lL sample buffer (4Â) and 10 lL was loaded on 12% Tricine SDS-PAGE gels followed by Coomassie staining.
Purification of target membrane proteins
Three membrane proteins, Rv0008c, Rv0011c and Rv2128, were purified by using a one-step purification protocol developed in the present work. The fusion proteins were expressed either in pTBMalE-1 (for Rv0008c and Rv2128) or in pTBMalE-2 (for Rv0011c). After collecting the membrane fraction, proteolysis was performed as mentioned above, and then the reaction solution was centrifuged at 220,000g for 1 h. The supernatant containing TEV and released MBP was discarded, and the pellet containing the released target protein with C-terminal Histag was resuspended in the binding buffer (20 mM Tris-HCl, pH 7.8, 400 mM NaCl, 20 ml per liter culture). Dodecylphosphocholine (DPC, Anatrace Inc.) was added to this membrane fraction suspension to solubilize the target protein (the final concentration of DPC was 1%). Solubilization was performed at 4°C for 2 h and the solution was centrifuged at 220,000g for 1 h. The supernatant was mixed with an appropriate amount of Ni 2+ -NTA resin (Qiagen) which was pre-equilibrated with the wash buffer (20 mM Tris-HCl, pH 7.8, 400 mM NaCl, 0.2% DPC and 5 mM imidazole). After incubation at 4°C for 2 h with gentle shaking, the resin was extensively washed with the wash buffer and then eluted with the elution buffer (20 mM Tris-HCl, pH 7.8, 400 mM NaCl, 300 mM imidazole and 0.2% DPC).
Results
Overexpression of membrane proteins in native membrane as mMBP fusions
In the present work, 42 membrane proteins (including 39 putative membrane proteins from the Mtb genome and three are well known membrane proteins, M2 protein, KcsA and DAGK) were tested in our expression system. The proteins are listed and ranked by the number of transmembrane helices (for those without experimental data, the transmembrane helix number was predicted by the TMHMM program, http://www.cbs.dtu.dk/services/TMHMM/) in Table 1 . Of these proteins, 35 were poorly expressed in the membrane fraction using an N-terminal Histag. As mMBP fusions, 21 of 35 (60%) were overexpressed in the membrane (which means the band corresponding to the fusion protein was visible after Coomassie Blue staining, suggestive of an expression level over 2 mg/L). For the other 7 well expressed membrane proteins, fusion with mMBP did not influence their overexpression in the membrane fraction. As shown in Fig 1, the efficiency of mMBP in promoting overexpression significantly depends on the number of transmembrane helices and the molecular weight of the target protein. For proteins with less than 4 transmembrane helices and a molecular weight less than 20 kDa, there is a very good chance that their expression level in the membrane fraction could be remarkably improved by mMBP. The sharp decrease of the success rate for larger proteins with more transmembrane helices indicates that mMBP fusion strategy may not be a good choice for medium and large membrane proteins. Fig 2A shows the SDS-PAGE of 10 typical membrane proteins studied in the present work, and shows the significant yield of the mMBP fusions expressed in the membrane fraction. To exclude the possibility that the mMBP fusion proteins were weakly associated with the membrane, the membrane fractions were washed with basic denaturation solution to remove the weakly associated proteins from the membrane [28] . It is clear that after washing the membrane fraction by basic denaturation solution twice, most of the fusion proteins were still associated with the membrane (Fig 2B) , indicating that the fusion proteins were inserted in the native E. coli membrane.
Proteolysis of mMBP fusions on the native membranes and purification of the target membrane proteins
To remove mMBP, proteolysis was performed on the fraction resuspended in the lysis buffer by mild sonication. As shown in Fig 3 , all of the ten tested mMBP fusions can be cleaved by TEV. Except for mMBP-Rv3901c, which was approximately 40% cut, the other 9 fusion proteins were completely or nearly completely cleaved. Therefore, for different fusion proteins, the cleavage efficiency by TEV can be different. In order to get better cleavage, the optimizations on reaction time, amount of TEV used, the temperature and even the reaction buffer should be performed for a specific fusion protein. Since mMBP and TEV are highly soluble, they would be left in the supernatant after ultracentrifugation and the target protein would remain in the pellet, the membrane fraction. If the target protein has a C-terminal Histag, it is therefore convenient to purify it from the membrane fraction after solubilization with detergent.
In preliminary experiments, it was found that a small fraction of the mMBP was still associated with the membrane fraction after proteolysis, even after washing with a high salt buffer, resulting in a co-purification of N-terminal Histag mMBP and C-terminal Histag target protein by using Ni 2+ -NTA resin. To resolve this problem, the N-terminal Histag was removed in the initial trial. However, unexpectedly, it was found that most of the proteins in this vector were not well expressed. The failure in expression was not due to the Histag in the C-terminus because the fusion protein with both N-terminal and C-terminal Histag can be well expressed as the original construct (Data not shown). It seems that the N-terminal Histag plays a role in overexpression. Interestingly, when the N-terminal Histag was replaced by an His-His-His-Arg-Arg-Arg tag (H3R3 tag in pTBMalE-1) or an His-Arg-Arg-Arg-Arg-Arg tag (HR5 tag in pTBMalE-2) to keep the positive charges, the fusion proteins were overexpressed well. Since both H3R3 and HR5 tags do not bind to Ni
2+
-NTA resin, they were used as the expression vectors for the following scale-up expression and purification. Fig 4 shows the purification of three proteins, Rv0008c, Rv2128 and Rv0011c, by using a one step purification protocol. Rv0008c and Rv2128 were expressed in pTBMalE-1 and Rv0011c was expressed in pTBMalE-2. After TEV cleavage in the membrane at room temperature followed by ultracentrifugation, the membrane fraction was collected and it was shown in Fig 4 that all of the TEV and most of the MBP was in the supernatant, and all of the target protein was in the membrane fraction. After solubilization of the membrane fraction with 1% DPC, the proteins with C Histag were conveniently purified with over 90% purity by just one step of Ni 2+ -NTA affinity chromatography, and the residual mMBP associated with the membrane with either R3H3 tag or R5H tag were efficiently removed. The final yields of these three proteins were 8.5, 12 and 8.0 mg for Rv0008c, Rv2128 and Rv0011c from 1 Liter LB culture, respectively, which are adequate for further structural characterization. Since the uncut fusion protein also has a C-terminal Histag, it can be co-purified with released target protein, therefore forming the main contamination in these three cases. A further gel chromatography step would eliminate such impurities if necessary.
Discussion
Overexpression in high enough yield and efficient purification of membrane proteins in a native or native-like status for structural studies is always challenging [1, 29] . Up to now, most of the a-helical membrane protein structures in the Protein Data Bank have been isolated from the membrane fraction. In the present work, quite a few membrane proteins that had not been expressed well with an N-terminal Histag were overexpressed in the native membrane of E. coli as mMBP fusion proteins. We also developed a simple protocol to purify the target proteins from the membrane fraction. For the membrane proteins studied here, the transmembrane helix number varies from 1 to 11, and the distribution of the transmembrane helix number is similar to our previous report for all the putative membrane proteins in Mtb genome [30] . In addition, the range in molecular weight (7.4-55.5 kDa) is much broader than that in our previous report [7] . Therefore the results shown here may be representative for other bacterial membrane protein genomes. mMBP facilitates the membrane protein overexpression in the native membrane of E. coli
As shown in Table 1 and Fig 1, mMBP substantially increased the expression level of many small membrane proteins and more interestingly, this fusion enhanced the overexpression in the membrane fraction (Fig 2A) . Extensive washing with a basic urea buffer did not remove the fusions from the membrane fraction (Fig 2B) , indicating that the fusion proteins were inserted in the membrane. It seems that three factors play important roles in the overexpression of mMBP fusions. Firstly, MBP definitely enhances the overexpression and membrane insertion. Without mMBP fusion, most of the membrane proteins studied here were not expressed with an N-terminal Histag. Secondly, a positive charged tag at the N-terminus of the fusion protein seems to enhance expression. Deletion of the N-terminal positive charged tag seriously reduced the expression level for most of the fusion proteins. The high expression level of the constructs with H3R3 or HR5 tag indicates that it is the positive charge rather than the histidine residues that are crucial for overexpression. However, the C-terminal Histag does not play such a role in expression. Thirdly, the number of the transmembrane helices and the molecular weight of the target membrane protein are also determining factors. mMBP is able to efficiently increase the expression level for small membrane proteins 620 kDa with 63 transmembrane helices (Fig 1) , which is consistent with our previous findings [7] .
Since the mMBP fusions studied here have neither signal peptides nor N-terminal hydrophobic transmembrane fragments, it is not likely that their targeting to the membrane is mediated by the signal recognition particle through which most of the integral membrane proteins in bacteria are targeted to the membrane in a co-translational way [31, 32] . It has been well characterized that the newly synthesized MBP can be bound with SecB [33, 34] , a chaperone protein that binds the nascent polypeptide in a partially denatured conformation [35] . Then the MBP-SecB complex is transferred to the translocon for membrane crossing through the interaction between SecB and the SecA-translocon. It is conceivable that the mMBP fusions may also be recognized by SecB as MBP and inserted into the membrane with the assistance of the translocon. The recognition by SecB may explain why the mMBP can only increase the membrane expression level of small membrane proteins efficiently. A larger membrane protein with more transmembrane helices may overwhelm the capability of mMBP to keep the fusion protein in a partially denatured state that is necessary for SecB recognition. Such chaperone-assisted membrane targeting may not be limited to the SecB mediated pathway. It has been reported that the expression level of functional CorA, a magnesium transporter in bacteria and archea, can be significantly improved by co-expression of chaperone proteins DnaK and DnaJ [36] . The large soluble domain in the N-terminus of CorA suggests that CorA may be targeted to the membrane in a post-translational way, probably with the assistance of chaperones [36] . Considering the similar shape between CorA and mMBP fusions (each of them has a large soluble domain with a relatively small hydrophobic transmembrane domain in the C-terminus.), the involvement of other chaperones in mMBP fusions targeting the membrane is possible.
Purification of the target membrane proteins from the native membrane
To purify the target membrane protein expressed as a fusion typically involves: (1) purification of the fusion protein in detergent by using affinity chromatography; (2) releasing the target protein from the fusion partner by specific proteolysis and (3) removing the fusion partner and protease through an additional chromatography step. This method has been shown to be successful for mMBP fusions [6, 18, 20, 21, 23] , though the relatively long process is time consuming. One of the concerns is inefficient proteolysis in detergent solution. It has been reported that the activity of TEV may be significantly reduced in some detergents used to solubilize membrane proteins [37] , resulting in incomplete proteolysis. Even worse, as mentioned in our previous report [23] , protease cleavage of the peptide chain may not result in separation of the target protein from the mMBP. This is suggested by the detergent solubilization of the hydrophobic cleft on the surface of MBP that may form a binding site for the hydrophobic domain of the target membrane protein potentially resulting in a stable non-covalent complex following peptide cleavage.
To avoid these problems, we developed a protocol to purify the target protein directly from the membrane fraction by one-step chromatography. This method depends on the fact that most of the tested mMBP fusions can be efficiently cleaved by TEV on the membrane in the absence of detergent which may inhibit TEV (Fig 3) . Both TEV and mMBP are highly soluble and therefore after proteolysis they can be simply removed by ultracentrifugation, leaving the released target protein in the membrane pellet. In our experiments, a small fraction of mMBP associates with the membrane even after washing, but it can be removed in the following Ni 2+ -NTA chromatography since the H3R3 tag or HR5 tag cannot bind on the Ni 2+ resin (Fig 4) . In this way, through only one step of affinity chromatography, the target membrane protein can be conveniently obtained with high purity. Keeping the target protein in the E. coli membrane until the last purification step (Ni
2+
-NTA affinity chromatography) is a major advantage of this approach, as membrane proteins maybe structurally unstable or lose their functionality when solubilized in detergent for a lengthy period of time. A concern for this method is that the uncut fusion protein may be co-purified with the target protein through the Ni 2+ -NTA column thereby becoming the main contamination. To avoid this problem, using more TEV and/or performing the reaction for a longer time may resolve this issue. In case the cleavage cannot reach 100%, an additional amylose affinity chromatography as a polishing step may be used to specifically remove uncut mMBP fusions, leaving the purified target membrane protein in the flow through.
